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Genome-wide studies in S. cerevisiae reveal
that the transcriptome includes numerous anti-
sense RNAs as well as intergenic transcripts
regulated by the exosome component Rrp6.
We observed that upon the loss of Rrp6 func-
tion, twoPHO84 antisense transcripts are stabi-
lized, and PHO84 gene transcription is re-
pressed. Interestingly, the same phenotype is
observed in wild-type cells during chronological
aging. Epistasis and chromatin immunoprecipi-
tation experiments indicate that the loss of Rrp6
function is paralleled by the recruitment of Hda1
histone deacetylase to PHO84 and neighboring
genes. However, histone deacetylation is re-
stricted toPHO84, suggesting that Hda1 activity
depends on antisense RNA. Accordingly, the
knockdown of antisense production prevents
PHO84 gene repression, even in the absence
of Rrp6. Together, our data indicate that the
stabilization of antisense transcripts results in
PHO84 gene repression via a mechanism dis-
tinct from transcription interference and that
the modulation of Rrp6 function contributes to
gene regulation by inducing RNA-dependent
epigenetic modifications.
INTRODUCTION
Recent studies in various organisms, from yeast to mam-
mals, provide evidence that genomes are transcribed on
a scale larger than previously assumed (Johnson et al.,
2005). In the yeast S. cerevisiae, genome-wide studies
reveal that many protein coding sequences also encode
antisense transcripts and that a large fraction of intergenic
regions are transcribed as cryptic unstable transcripts
(CUTs) subjected to degradation by the nuclear exosome
component Rrp6 (David et al., 2006; Davis and Ares, 2006;
Wyers et al., 2005). The nuclear exosome is a complex of
30 to 50 exonucleases implicated in RNA processing and706 Cell 131, 706–717, November 16, 2007 ª2007 Elsevier Incquality control (Houseley et al., 2006). Detailed studies
show that the degradation of CUTs implicates TRAMP,
a complex containing the poly(A) polymerase Trf4, which
polyadenylates intergenic transcripts and promotes their
degradation by facilitating the recruitment of Rrp6 (LaCava
et al., 2005; Vanacova et al., 2005; Wyers et al., 2005).
Whether this widespread and unstable transcriptome
just reflects nonspecific RNA polymerase II activity or par-
ticipates in the control of gene expression is still unclear. In
S. cerevisiae, the SER3 and IME4 genes are regulated by
a mechanism of transcription interference. The SER3
promoter encodes a short SRG1 RNAwhose transcription
competes with the binding of activators to the down-
stream SER3 promoter, thereby repressing SER3 tran-
scription (Martens et al., 2004). In the case of the IME4
gene, antisense transcription interferes with sense tran-
scription (Hongay et al., 2006). For both IME4 and SER3,
noncoding RNA transcription prevents gene expression
via a cis-acting mechanism distinct from the RNAi-
mediated gene silencing described in other eukaryotes.
In fission yeast and higher eukaryotes, short double-
stranded interfering RNAs (siRNAs) have been implicated
in transcriptional gene silencing (TGS), a process medi-
ated by components of the RNA interference (RNAi) ma-
chinery. In S. pombe, TGS is promoted by the RNA-medi-
ated cotranscriptional recruitment of the RNA-induced
transcriptional silencing (RITS) complex. The subsequent
association of chromatin-modifying activities including
histone methyl transferases and histone deacetylases
then results in heterochromatin formation and gene silenc-
ing (Almeida and Allshire, 2005;Moazed et al., 2006; Volpe
et al., 2002).
In S. cerevisiae, components of the RNAi machinery
are absent, and gene repression can be mediated by his-
tone deacetylation. Histone acetylation and deacetylation
occur through both targeted and global mechanisms. In
the targeted mechanism, histone acetyltransferases
(HATs) and histone deacetylases (HDACs) are recruited
to promoters by specific transcriptional activators and
repressors, respectively. In the global mechanism, HATs
and HDACs modify histones through large chromatin do-
mains, including coding sequences (Kurdistani and Grun-
stein, 2003). Yeast expresses at least three classes of
HDACs. Hda1 is an evolutionary conserved class II HDAC.
that functions in a complexwith the Hda2 andHda3 cofac-
tors to deacetylate mainly histone H2B and H3 (Wu et al.,
2001a; Wu et al., 2001b). In the absence of Hda1, inter-
genic regions close to promoters as well as Hda1-affected
subtelomeric (HAST) domains become enriched in his-
tone H3 acetylated at position Lys18 (H3K18), resulting in
increased gene expression (Robyr et al., 2002).
In this study, we found that PHO84 gene transcription is
repressed in the absence of Rrp6, indicating a role for the
exosome in efficient gene transcription. PHO84 is also
downregulated during aging in wild-type (WT) cells, sug-
gesting a decrease in Rrp6 function over time. In both con-
ditions, the loss of Rrp6 function leads to the stabilization
of PHO84 antisense transcripts and the subsequent
inhibition of PHO84 gene transcription. The data support
that PHO84 repression is not due to transcription interfer-
ence but results from antisense RNA-induced histone
deacetylation by the Hda1/2/3 complex.
RESULTS
The Progeny of Chronologically Aged Yeast Cells
Inherits a PHO84 Gene Silent State
While studying PHO84 gene expression, we serendipi-
tously discovered that PHO84 messenger RNA (mRNA)
levels progressively decrease during chronological aging.
Yeast cells are chronologically aged by maintaining fresh
cells for a certain number of days on plates at 4C prior
to 24 hr exponential growth in minimum medium at
25C, RNA extraction, and northern blotting (Figures 1A
and 1B). PHO84 mRNA levels gradually decrease with
time and are as much as 20-fold lower in the progeny of
cells kept on plates for 10 days compared to those kept
on plates for only 3 days (Figure 1C). The low levels of
RNA polymerase II (RNA Pol II) bound to PHO84 50 and
30 ends in aged cells indicate that PHO84 transcription is
repressed over time (Figure 1D). Although the decrease
inPHO84mRNA levels occurs faster in cells kept on plates
at room temperature (data not shown), the slow and pro-
gressive decrease at 4C allowed us to identify the order
of events underlying the repression process (see below).
The analysis of the PHO8 and AAH1 genes showed that
the repression is specific to PHO84 under these condi-
tions (Figure 2A). Indeed, PHO8 and AAH1 expression,
regulated like PHO84 by phosphate and glucose levels,
respectively (Escusa et al., 2006; Ogawa et al., 2000), is
unaffected in the progeny of older cells. Moreover, the
expression of the two genes adjacent to PHO84, GTR1
and TUB3, is unaltered, indicating that the effect on
PHO84 transcription is localized (Figures 1A and 2A).
To verify that PHO84 gene repression is due to chro-
nological aging, we maintained cells in stationary liquid
cultures for 1–3 days before exponential growth and
RNA analysis. The data confirmed that the progeny of cells
maintained in stationary phase for longer time inherits
a lower PHO84 expression level (Figure 2B). Furthermore,
the swapping of the media of young and old cell cultures
did not invert PHO84 mRNA levels, indicating thatCPHO84 repression is not due to the secretion or depletion
of some metabolite in the culture medium (Figure 2C). Fi-
nally, this low PHO84mRNA level is not due to acquisition
of mutations during aging because the silent PHO84 state
can be reversed by the streaking of cells on a fresh YEPD
plate (Figure 2D). Overall, these data suggest that if grown
in minimum medium, the progeny of aged cells inherits
a transcriptional silent state of the PHO84 gene.
Interestingly, the decrease in PHO84 expression with
aging is paralleled by the appearance of a longer transcript
(Figure 1C). This RNA is also detected with a probe spe-
cific for the short hypothetical open reading frame (ORF)
YML122C upstream of PHO84, indicating that the long
transcript spans both YML122C and PHO84 sequences
(Figures 1A and 1C). To address the potential role of this
transcript in PHO84 repression, we further characterized
its origin and orientation. We generated sense and anti-
sense SP6 riboprobes and found that not one but two
antisense transcripts appear over time (Figure 1C). The
longer one corresponds to a PHO84-YML122 chimeric
RNA, whereas the shorter one is similar in length to the
PHO84 sense mRNA (Figure 1A). 50 RACE experiments
identified several antisense transcript start sites located
between 20 and 80 bp downstream of the PHO84 stop
codon (Figure S1A in the Supplemental Data available
with this article online).
The Stabilization of PHO84 Antisense Transcripts
Is Necessary to Promote PHO84 Gene Repression
The decrease in PHO84 gene expression upon appear-
ance of antisense transcripts raises the possibility that an-
tisense RNAs participate in PHO84 repression. To define
whether antisense RNA accumulation is the cause or the
consequence of PHO84 gene repression, we attempted
either to increase the amount of antisense RNAs without
increasing their transcription or to abolish PHO84 gene
transcription. The first aim was achieved by the loss of
the exosome component Rrp6, resulting in strong stabili-
zation of the antisense transcripts and accelerated gene
repression (Figure 3A). The comparison of sense and anti-
sense PHO84 transcripts in Drrp6 cells kept on plates for
3 or 6 days indicates that the accumulation of antisense
transcripts precedes PHO84 downregulation. Next, to
confirm that the stabilization of PHO84 antisense tran-
scripts is not secondary to a decrease in sense transcrip-
tion, we took advantage of the Dhpr1 strain, in which we
found that PHO84 transcription initiation is almost totally
abrogated. Hpr1, previously described as being required
for transcription elongation (Chavez et al., 2000; Voynov
et al., 2006), appears to participate as well in PHO84
gene transcription initiation. Indeed, virtually no TATA-
binding protein (TBP) or RNA Pol II is associated with the
PHO84 promoter and coding regions compared to the
WT, and no sense RNAs can be detected (Figures 3B
and 3C). The absence of PHO84 transcription in Dhpr1
cells is not accompanied by an increase in antisense levels
(Figure 3C). Similarly, loss of the Pho4 transcription factor
completely inhibits sense transcription without affectingell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc. 707
Figure 1. The PHO84Gene is Downregu-
lated in the Progeny of Wild-Type Aging
Cells
(A) Map of the PHO84 genomic locus. Arrows
indicate the transcription direction of the
PHO84,GTR1, and TUB3 genes. Arrows below
PHO84 represent the long PHO84+YML122C
antisense RNA (‘‘*’’) and the shorter PHO84
antisense RNA ending before YML122C (‘‘’’).
The bars indicate the regions amplified by real-
time PCR for ChIP analyses.
(B) Scheme of strain manipulation and
culturing.
(C) Northern analysis of total RNA from WT
(W303) cells kept on plates for the indicated
number of days before 24 hr exponential
growth in minimum medium. Northern blots
were probed with random primed labeled
probes specific for PHO84 or YML122C and
single-stranded RNA probes mapping to the
30 end of PHO84 and specific for sense or anti-
sense PHO84 transcripts, marked with ‘‘*’’ and
‘‘’’ as in (A). ACT1mRNA was used as loading
control.
(D) ChIP analysis of RNA Pol II along PHO84 in
old versus fresh WT (W303) cells. WT (W303)
cells expressing HA-tagged Rrp6 were main-
tained on plate for 2 and 15 days (black and
gray bars, respectively) and cultivated in mini-
mum medium for 24 hr. Immunoprecipitated
DNA was quantified by real-time PCR with
PHO84-specific primers as shown in (A). The
histogram represents the average enrichment ratios (with standard deviations) of the immunoprecipitated fractions relative to whole-cell extracts.
Values were obtained from three independent extracts. Statistical analyses were done with the Student’s t test (‘‘*’’ indicates p < 0.05, ‘‘**’’ indicates
p < 0.01, ‘‘***’’ indicates p < 0.001, and ‘‘****’’ indicates p < 0.0001; no asterisk indicates not significant).antisense levels (Figure 3D), confirming that antisense
transcript accumulation is not the consequence of a block
in sense transcription. Furthermore, antisense RNAs
strongly accumulate upon the loss of Rrp6 in both mu-
tants, demonstrating that antisense amounts depend on
Rrp6 function rather than the level of sense transcription
(Figures 3C and 3D). Together, these data discard a simple
transcription interference mechanism and favor a process
in which the stabilization of antisense transcripts partici-
pates in the repression of PHO84 transcription.
The establishment of low PHO84 expression levels over
time could either be due to a complex signaling cascade
or specifically to antisense accumulation caused by a
decrease in Rrp6 function. To address this question, we
looked for a condition in which PHO84 antisense tran-
scripts do not appear over time, thus allowing us to test
the effect of RRP6 disruption alone. When cells are grown
in a YEPD rich medium, PHO84 antisense transcripts
never accumulate and mRNA levels are not reduced in
the progeny of old WT cells (Figure 4A). In contrast,
PHO84 mRNA levels are strongly reduced in Drrp6 cells
under these conditions. Interestingly, although antisense
transcripts are revealed in Drrp6 cells, the repression of
PHO84 still depends on the time mother cells spend on
plates before inoculation, indicating that if antisense
transcript accumulation is a primary event, additional708 Cell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc.time-dependent steps are required for the silencing of
PHO84 (Figures 3A and 4A). To confirm that this pheno-
type is not specific to W303, we performed the same ex-
periment in the MCY829 background. The loss of Rrp6
similarly stabilizes antisense RNAs and results in PHO84
repression, but these changes occur faster and are de-
tected already after 2 days on plates in this strain (Figures
4B and 4C).
Because PHO84 antisense transcripts are polyadeny-
lated (Figure 4B), we tested whether the Trf4 poly(A) poly-
merase, implicated in the polyadenylation of Rrp6 targets
(LaCava et al., 2005; Wyers et al., 2005), is involved in the
degradation of PHO84 antisense RNAs. The loss of Trf4
also results in increased PHO84 antisense and decreased
PHO84 sense RNA levels (Figure 4D). Note that antisense
transcript levels inDtrf4 are weaker than inDrrp6, possibly
reflecting the activity of the redundant Trf5 poly(A) poly-
merase (LaCava et al., 2005). Nonetheless, PHO84 be-
comes repressed inDtrf4, indicating that PHO84 silencing
can be established in the presence of limited amounts of
antisense RNA. Thus, Trf4 is likely to restrict antisense
transcript accumulation and to maintain PHO84 sense
mRNA production in cooperation with Rrp6. All together,
these data provide additional evidence that the stabiliza-
tion of PHO84 antisense transcripts is a necessary event
for the initiation of PHO84 gene silencing.
Rrp6 Association with the PHO84 Gene
Is Regulated during Aging
The role of antisense RNA stabilization in PHO84 repres-
sion in bothDrrp6 and the progeny of oldWT cells (Figures
1C, 3A, and 4A) prompted us to investigate the loss of
Rrp6 function over time. Because Rrp6 interacts with
chromatin (Andrulis et al., 2002; Hieronymus et al.,
2004), we asked whether its association with the PHO84
gene is affected in the progeny of aged cells. Indeed, we
observed that although the global levels of hemagglutinin
(HA)-tagged Rrp6 are unaffected during aging, the binding
of HA-tagged Rrp6 over the PHO84 locus decreases sig-
nificantly in the progeny of 15- versus 2-day-old cells (Fig-
ures 5A and 5B). Thus, antisense stabilization and PHO84
silencing over time could result from the weaker associa-
tion of Rrp6 with the PHO84 gene. To address whether
agingmight have a general effect on Rrp6 function, we ex-
amined other Rrp6 targets under these conditions. Rrp6
has been involved in Nab2 mRNA degradation (Roth
et al., 2005), and Nab2 protein levels are increased in
the Drrp6 strain (Figure 5C). However, Nab2 protein levels
are not affected in the progeny of 15-day-old cells
(Figure 5B), consistent with the absence of a significant
decrease in the binding of Rrp6 to the NAB2 gene under
these conditions (Figure 5A). Similarly, no defect in the
processing and accumulation of other Rrp6 substrates,
including 7S and 5.8S ribosomal RNAS (rRNAs), as well
as U24 and snR72, is detected in aged cells (Figure 5D).
Figure 2. PHO84 Gene Repression Is Specific and Localized
(A) Northern analysis of indicated mRNAs in WT (W303) cells kept on
plate for 3 or 30 days before growth in minimum medium for 24 hr.
(B) WT (W303) cells were kept as stationary liquid cultures for 1 or 3
days at 25C before exponential growth for 24 hr in minimum medium
and RNA analysis.
(C) Low PHO84 mRNA levels are not due to changes in the medium.
WT (W303) cells kept on plates for 3 or 30 days were cultivated expo-
nentially for 24 hr in minimum medium. Media were swapped, i.e., the
supernatants from 3 or 30 days cells were added to the 3 or 30 days
pellets. Cultures were grown for another 6 hr before RNA analysis.
(D) PHO84mRNA levels are restored when cells were streaked on new
plates. WT (W303) cells kept on plates for 3 or 20 days were streaked
on fresh YEPD plates for 24 hr before 24 hr exponential growth in min-
imum medium and RNA analysis. Hybridizations were with random
primed labeled DNA probes. ACT1 (A, B, and C) and TUB3 (D) mRNAs
served as loading controls.CFinally, the examination of PHO84 sense and antisense
RNAs in two earlier described rrp6 mutants (Phillips and
Butler, 2003) shows that the more severe rrp6-3 mutant
behaves like Drrp6, with high antisense RNA levels and
no detectable sense RNA, whereas the rrp6-13 mutant
shows amilder phenotypewith lower antisense and higher
sense RNA levels. These observations are consistent with
a direct role of Rrp6 in PHO84 gene regulation.
These data taken together suggest that during chrono-
logical aging, it is not the ability of Rrp6 to degrade its
targets that seems to be affected, but rather its ability to
access a subset of substrates within specific genomic
regions. In addition, they support the view that Rrp6 de-
grades its targets when associated with chromatin and
hence that these transcripts act in cis to repress PHO84
transcription. Notably, Rrp6 also binds the neighboring
TUB3 and GTR1 genes, and this association is similarly
reduced in aged cells (Figure 5A). Yet, TUB3 and GTR1
RNA levels are not affected under these conditions (Fig-
ure 2A), presumably because these loci do not encode
Rrp6-regulated antisense transcripts.
PHO84 Gene Silencing Requires Antisense
Transcript Stabilization and the Histone
Deacetylase Hda1/2/3 Complex
Our results indicate that antisense transcript stabilization
represents an initial event in PHO84 repression and that
additional time-dependent steps are required for the
establishment of PHO84 gene silencing (Figures 1C, 3A,
and 4A). The progressively lower PHO84mRNA levels ob-
served in WT cells upon chronological aging could reflect
the inheritance of epigenetic modifications. To address
this possibility, we first tested whether PHO84 remains
repressed when cells are grown over more generations.
When we inoculated old cells for 25 days in minimum me-
dium and allowed them to proliferate exponentially for
96 hr instead of 24 hr, PHO84 expression was not restored
(Figure 6A). Remarkably, PHO84 repression also occurs
when fresh cells are grown for prolonged time under expo-
nential conditions in minimum medium (Figure 6A). These
observations suggest that over time, the cell population
progressively acquires some epigenetic marks resulting
in PHO84 gene silencing.
Gene repression often correlates with histone deacety-
lation (Ekwall, 2005). To further investigate the mecha-
nism by which PHO84 becomes repressed, we examined
PHO84 mRNA levels in mutant strains lacking various
histone deacetylases or their cofactors in conditions un-
der which PHO84 antisense transcripts are stabilized
(Figure 6B). Strikingly, time-dependent PHO84 repression
does not occur in mutants lacking Hda1, Hda2, and Hda3,
which belong to the same complex. PHO84 repression is
slightly compromised in the absence of Cpr1 but is not
affected in the absence of other histone deacetylases
including Rpd3, Hos1, Sir2, or Hst1 (Figure 6B and data
not shown). These observations suggest that PHO84
transcription repression in aging cells specifically requires
the Hda1/2/3 histone deacetylase complex.ell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc. 709
Figure 3. Increased Levels of PHO84
Antisense Transcripts Result from the
Absence of Rrp6 and Not from a Defect
in PHO84 Sense Transcription
(A) Northern analysis of total RNA from WT
(W303) and Drrp6 strains kept on plates for 3
or 6 days before 24 hr exponential growth in
minimum medium, with double-stranded
probes specific for PHO84 or TUB3 used as
loading control and an RNA probe specific for
PHO84 antisense transcripts mapping to the
PHO84 30 end.
(B) Loss of Hpr1 abolishes the association of
TATA-binding protein (TBP) and RNA Pol II
with thePHO84 gene. Shown is a ChIP analysis
of TBP and RNA Pol II in WT (W303) (black
bars) and Dhpr1 (gray bars) strains kept for 3
days on plates and exponentially grown in min-
imum medium for 24 hr. Immunoprecipitated
DNA was amplified with PHO84-specific
primers and quantified as described in Figures
1A and 1D. Values derive from three indepen-
dent experiments.
(C) Total RNA was extracted from WT (W303),
Dhpr1, and Dhpr1Drrp6 strains kept on plates
for 3 days and grown in minimum medium.
Northern blotting of PHO84 mRNAs was per-
formed as in Figure 1C.
(D) WT (W303), Dpho4, and Dpho4Drrp6
strains were grown in YEPD, and total RNA
was analyzed as in (C).To confirm that Hda1/2/3 is also required for PHO84
gene silencing when antisense transcripts accumulate in
the absence of Rrp6 (Figures 3 and 4), we examined
PHO84 mRNA levels in Drrp6, Dhda1, and Dhda2 simple
mutants or in Drrp6Dhda1 and Drrp6Dhda2 double mu-
tants (Figure 6C). PHO84 is well expressed in the WT,
Dhda1, and Dhda2, but repressed in Drrp6. However,
PHO84 expression is rescued in Drrp6 by the disruption
of HDA1 or HDA2 despite the accumulation of PHO84 an-
tisense transcripts in these double mutants, indicating
that Dhda1 and Dhda2 are epistatic to Drrp6. Together,
these observations indicate that once antisense RNAs
are stabilized, Hda1/2/3 is required for the repression of
PHO84.
The absence of PHO84 repression in the Drrp6Dhda1
and Drrp6Dhda2 double mutants (Figure 6C) suggests
that the loss of Rrp6 and/or antisense transcript stabiliza-
tion facilitates Hda1-dependent histone deacetylation and
gene repression. To verify that the role of Hda1 is direct,
we compared the binding of myc-tagged Hda1 to
PHO84 and the adjacent genes TUB3 and GTR1 in WT
and Drrp6 strains (Figure 6D). Hda1-myc association
with the promoter and coding regions of PHO84 increases
at least 5-fold in Drrp6, and this increase extends into the
neighboring TUB3 and GTR1 genes. Western analysis of
Hda1-myc confirms that this increase is not due to higher
global levels of Hda1 in Drrp6 (Figure 5C). Thus, antisense
RNA stabilization in Drrp6 is paralleled by the increased
recruitment of Hda1 to the PHO84 locus.710 Cell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc.PHO84 Antisense RNA Stabilization Leads
to H3K18 Deacetylation at the PHO84 Promoter
Next, to assess whether Hda1 recruitment results in his-
tone deacetylation, we examined the level of histone H3
acetylation on lysine 18 (H3K18Ac). Remarkably, although
H3 acetylation modestly decreases at the 50 end of the
GTR1 and TUB3 genes (1.3- to 1.5-fold), it is strongly re-
duced (7- to 8-fold) in the PHO84 promoter and 50 coding
regions but not at the PHO84 30 end (Figure 7A and see
Discussion). Thus, histone deacetylation does not strictly
correlate with Hda1 recruitment in Drrp6 but is restricted
to a region where Hda1 and antisense RNA overlap. Fi-
nally, to define whether the repression in aged cells of
PHO84, but not GTR1 and TUB3 (Figure 2A), could also
result from targeted histone deacetylation, we compared
H3K18Ac levels over this region in fresh and old WT cells
(Figure 7B). Strikingly, the pattern of H3K18Ac in old cells
was identical to that observed in Drrp6, strongly suggest-
ing that PHO84 repression implicates the same mecha-
nism in both situations (Figures 7A and 7B). These results
confirm that PHO84 repression by Hda1 is direct and
suggest a new mechanism in S. cerevisiae in which tar-
geted PHO84 gene silencing depends on antisense RNA
accumulation and RNA-induced histone deacetylation.
Finally, to confirm that antisense RNA indeed plays
a direct role in PHO84 gene silencing, we blocked its pro-
duction by inserting a HIS5 gene cassette within the
PHO84 coding region, such that the antisense transcripts
terminate at theHIS5 terminator (Figure 7C and Figure S2).
In control cells, antisense transcripts accumulate in the
absence of Rrp6, and PHO84 sense transcription is re-
pressed. In contrast, in the +HIS5 mutant strain, an anti-
sense RNA of intermediate size is detected in Drrp6 with
the 30 but not the 50- (YML122C) specific probe. This chi-
meric antisense RNA starts at the 30 end of the PHO84
gene and ends at the HIS5 terminator. Importantly, the
PHO84 gene is not repressed in this mutant and produces
a longer PHO84-HIS5-PHO84 chimeric sense RNA both
in the presence and absence of Rrp6 (Figure 7C and
Figure S2). This result demonstrates that antisense RNA
is directly implicated in the mechanism of PHO84
Figure 4. Loss of Rrp6 Induces PHO84 Repression
(A) Northern analysis of total RNA from WT (W303) and Drrp6 strains
kept for 2 or 15 days on plates and exponentially grown in YEPD for
24 hr, with the PHO84-specific double-stranded probe or the PHO84
antisense-specific riboprobe mapping to the 30 end of PHO84. ACT1
served as a loading control.
(B) Total (10 mg) and poly(A)+ RNA (500 ng) from WT (MCY829) and
Drrp6 cells kept 2 days on plates and grown in YEPD were subjected
to northern-blot analysis with PHO84 sense- and antisense-specific ri-
boprobes mapping to the 30 end of PHO84. ACT1 served as a loading
control; 18S rRNA ethidium bromide staining confirmed efficient
poly(A)+ RNA purification.
(C) The loss of Rrp6 affects PHO84 transcription. Shown is a ChIP
analysis of RNA Pol II with extracts from strains described in (B). Immu-
noprecipitated DNA was quantified by real-time PCR with PHO84-
specific primers shown in Figure 1A. Values derive from two indepen-
dent experiments.
(D) PHO84 mRNA levels are affected in Dtrf4. Total RNA from WT
(W303), Dtrf4, and Drrp6 strains kept 10 days on plates and exponen-
tially grown in YEPD for 24 hr were subjected to northern-blot analysis
as in (B).Ctranscriptional silencing and that PHO84 gene repression
is not an indirect effect of the absence of Rrp6.
DISCUSSION
A recent study has implicated IME4 antisense transcripts
in the downregulation of the sense IME4 mRNA via a cis-
acting transcription-interference mechanism (Hongay
et al., 2006). Here, we find that stabilization, rather than
the increased transcription of PHO84 antisense tran-
scripts, is implicated in PHO84 repression. The data rule
out a simple transcription-interference model and support
a mechanism in which the accumulation of antisense
RNAs leads to targeted histone deacetylation by Hda1
and the silencing of sense transcription (Figure 7D). Our
observations further indicate that PHO84 antisense
RNAs are stabilized in aged cells and could therefore
be regulated upon changes in physiological conditions.
More generally, the data suggest that the modulation of
Rrp6 activity in response to external cuesmight contribute
to the establishment of new genetic programs by inducing
RNA-dependent epigenetic modifications inherited by the
progeny cell population.
Role of Trf4-Rrp6 Regulated RNAs in Targeted
Gene Repression
Previous studies have implicated Trf4 and Rrp6 in the
degradation of cryptic unstable transcripts, most of which
map at intergenic regions (Davis and Ares, 2006; Wyers
et al., 2005). Our results show that Trf4 and Rrp6 also de-
grade antisense transcripts encompassing an ORF (Fig-
ures 3 and 4). Importantly, we describe a new regulatory
mechanism in which antisense RNA stabilization results
in the repression of sense transcription (Figure 7D). In con-
trast to the mechanism of transcription interference pro-
posed to regulate IME4 gene expression (Hongay et al.,
2006), the accumulation of PHO84 antisense RNAs is
not the consequence of a decrease in sense transcription.
When sense transcription is blocked (Dhpr1 or Dpho4),
antisense RNAs are not increased compared to a normal
(WT) condition (Figures 3C and 3D). Conversely, when
sense RNA is transcribed (Dhda1), antisense RNA is still
able to accumulate (Dhda1Drrp6) (Figure 6C).
Although clearly detectable in Drrp6, PHO84 antisense
transcripts are less abundant than sense mRNAs in WT
cells (Figure 4B). Accordingly, the low RNA Pol II amount
detected at the 30 end of PHO84 in Drrp6 confirms that
the rate of antisense transcription is much lower than the
rate of sense transcription observed under normal WT
conditions (Figure 4C). These observations lead us to
propose first that PHO84 antisense transcription is consti-
tutively low and independent of sense transcription and
second that the increase in PHO84 antisense transcript
levels, which is key for PHO84 repression, is primarily
due to increased stability. The fact that antisense RNA
accumulation is independent of sense transcription
strengthens the view that antisense transcript stabilization
is the cause rather than the consequence of PHO84 geneell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc. 711
Figure 5. Rrp6 Dissociates from the
PHO84 Locus over Time
(A) ChIP extracts prepared from the Rrp6-HA
strain grown on plates for 2 and 15 days before
24 hr exponential growth in minimum medium
were immunoprecipitated with anti-HA and
DNA quantified by real-time PCR with primers
specific for PHO84, GTR1, TUB3, and NAB2
as described in Figure 1A and Table S2. Values
derive from three experiments. Corresponding
northern blots are presented in Figure S1D.
(B) Fresh and old cells contain similar amounts
of Rrp6-HA. Shown is a western-blot analysis
of total protein extracts from strains grown as
in (A) with antibodies against HA, Nab2, and
Mex67 as a loading control.
(C) The absence of Rrp6 affects Nab2 but not
Hda1-myc levels. Shown is a western analysis
of total protein extracts from Hda1-myc
(MCY829 WT and Drrp6) strains kept on plate
for 3 days before 24 hr exponential growth in
YEPD medium with antibodies against myc,
Nab2, or Mex67 to control for loading.
(D) Rrp6-dependent processing of 5.8S ribo-
somal RNA, snRN72, and U24 is not affected
in aged cells. Total RNA was extracted from
WT cells kept on plates for 2 or 10 days, or
from Drrp6 kept on plates for 2 days, before
cultivation for 24 hr in minimum medium, frac-
tionated, and hybridized with oligonucleotide
probes specific for the indicated Rrp6 targets.
(E) PHO84 sense and antisense RNA levels in
theDrrp6 strain transformed with empty vector
or plasmids carrying wild-type RRP6 or the
mutant rrp6-3 and rrp6-13 genes. ACT1 served
as a loading control.repression. However, we observed no strict correlation
between antisense RNA levels and the extent of PHO84
gene silencing. The data rather support that time, in com-
bination with antisense RNA, even in low amounts, is key
for the establishment of PHO84 repression.
Initial attempts to knock down antisense transcripts by
the generation of deletions, encompassing putative anti-
sense promoter and mapped initiation sites, did not affect
antisense RNA production (Figure S1B). As recently de-
scribed for the PHO5 gene (Uhler et al., 2007), it is likely
that antisense production results from transcription initia-
tion at multiple cryptic sites within the 30 end and 30 un-
translated region (UTR) of the PHO84 gene and depends
on the chromatin state in this region rather than specific
promoter elements. So far, the insertion of a gene cassette712 Cell 131, 706–717, November 16, 2007 ª2007 Elsevier Incwithin the PHO84 coding region has been the only way of
blocking antisense RNA production. In this situation, anti-
sense RNAs do not reach the PHO84 50 end and PHO84
does not become repressed even in the absence of
Rrp6, demonstrating the direct role of antisense RNA
accumulation in PHO84 gene silencing (Figure 7C).
Our data further indicate that the stabilization of PHO84
antisense transcripts correlates with a decrease in the
association of Rrp6 with the PHO84 gene (Figures 1C
and 5A). This observation suggests that Rrp6 degrades
PHO84 antisense RNAs at their transcription site and
acts in cis to promote PHO84 repression. Consistently,
the orthologs of Rrp6 in Drosophila and mammals are
similarly proposed to act in association with chromatin
(Andrulis et al., 2002; Ciaudo et al., 2006). In addition,.
Figure 6. TheHda1/2/3HistoneDeacety-
lase Complex Mediates PHO84 Gene
Repression when Antisense RNAs Are
Stabilized
(A) PHO84 mRNA levels in WT (W303) cells
kept on plates for 3 and 25 days before cultiva-
tion inminimummedium for the indicated num-
ber of hours under exponential growth condi-
tions at 25C. PHO84 mRNA was detected
with a random primed labeled probe. TUB3
mRNA served as a loading control.
(B)PHO84mRNA levels inWT (BY4741) and in-
dicated deletion strains, kept on plates for the
indicated number of days and grown for 24 hr
in minimum medium at 25C, were detected
as in (A). ACT1 served as a loading control.
(C) PHO84 gene repression in Drrp6 implicates
Hda1/2/3. Northern analysis of PHO84 mRNA
in WT (W303) and the indicated mutant strains
kept 15 days on plates and exponentially
grown in YEPD for 24 hr with a double-
stranded or an antisense-specific PHO84
probe mapping to the 30 end of PHO84.
(D) ChIP analysis of Hda1-myc over PHO84 in
WT (MCY829) (black bars) or Drrp6 (gray
bars) cells. Strains kept 2 days on plates were
grown in YEPD-rich medium, and crosslinked
chromatin extracts were immunoprecipitated
with antibodies against myc. Immunoprecipi-
tated DNA was quantified with primers specific
for GTR1, TUB3, and PHO84 as described in
Figures 1A and 1D. Values derive from three
experiments, except those for GTR1 and
TUB3, which derive from two. WT and Drrp6
extracts used in (D) contain comparable levels
of Hda1-myc (Figure 5C).RNAs implicated in TGS in S. pombe also act in cis (Buhler
et al., 2006). Our finding that Rrp6 is key for the regulation
of PHO84 antisense RNA accumulation and PHO84 gene
repression suggests that other Rrp6-regulated transcripts
might be involved in the control of proximal genes. Thus,
the widespread and unstable transcriptome might not
just reflect nonspecific RNA polymerase activity but might
contribute to genome plasticity and be required for yeast
adaptation to various physiological processes.
Loss of Rrp6 and Antisense RNA Stabilization
Stimulates Histone Deacetylation by Hda1
In S. cerevisiae, HDACs are required for transcriptional re-
pression and heterochromatin formation. Proteins bound
to specific upstream regulatory sequences have been
proposed to mediate the targeting of HDACs to specific
chromatin regions. In particular, Hda1 is recruited through
Tup1, a general transcription repressor that regulates ma-
jor physiological pathways (DeRisi et al., 1997; Green and
Johnson, 2004; Wu et al., 2001b). However, genome-wide
analyses demonstrate that Hda1 recruitment might not
always depend on Tup1. Although Tup1 is required for
Hda1-mediated deacetylation in the HAST regions, the
association of Hda1 with intergenic regions (IGRs) isTup1 independent, suggesting the existence of alternative
targeting mechanisms (Robyr et al., 2002).
Accordingly, we found that the recruitment of Hda1 to
PHO84 is not dependent on Tup1 because the loss of
Tup1 does not rescue PHO84 gene transcription (Fig-
ure S1C). Instead, our data indicate that the recruitment
of Hda1 to chromatin coincides with the absence of Rrp6
or its dissociation from chromatin in aged cells, as well
as the stabilization of PHO84 antisense RNAs (Figures
1C, 4A, 5A, and 6D). The trigger for Hda1 recruitment is un-
clear because its binding increases both atPHO84 and the
neighboring TUB3 andGTR1 genes. One possibility is that
PHO84 antisense RNA stimulates the initial binding of
Hda1 to thePHO84 gene region, facilitating its subsequent
spreading to adjacent regions. In S. pombe, nascent tran-
scripts bound by targeting complexes containing siRNAs
have been proposed to serve as binding platforms for the
recruitment of histone-modifying enzymes (Buhler et al.,
2006; Motamedi et al., 2004). By analogy, in the absence
of RNAi, antisense transcripts might form structures spe-
cifically recognized by modifying enzymes (Yang and Kur-
oda, 2007). An alternative possibility is that the presence of
Rrp6 might antagonize the binding of Hda1 to chromatin.
In this view, the greater association of Hda1 with PHO84,
TUB3, and GTR1 in Drrp6 or aged cells could be due toCell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc. 713
Figure 7. PHO84 Antisense Transcript
Stabilization Results in Targeted Histone
Deacetylation
(A) ChIP analysis of histone H3K18 acetylation
(H3K18Ac) over the PHO84 locus in WT
(MCY829) (black bars) orDrrp6 (gray bars) cells.
The extracts described in Figure 6D were
immunoprecipitated with antibodies against
acetylated H3K18. Immunoprecipitated DNA
was quantified with primers specific for GTR1,
TUB3, and PHO84, as well as with primers spe-
cific for telomeric TEL VI-R sequences. The rel-
ative enrichment of the different gene segments
was expressed as the n-fold increase with re-
spect to TEL VI-R sequences. Statistical analy-
ses were as in Figure 1D. Values derive from
three independent experiments.
(B) ChIP analysis of H3K18 acetylation over
PHO84 in WT fresh (2 days) and aged (15 days)
cells with the same chromatin extracts as in
Figure 5A. DNA was quantified with the same
primer pairs as in (A). Values derive from two
independent experiments.
(C) Block of PHO84 antisense RNA prevents
PHO84 gene repression in the presence and
absence of Rrp6. Control WT (MCY829) and
Drrp6 or mutant WT+HIS5 and Drrp6+HIS5
strains were kept on plates for 2 days before
exponential growth in YEPD for 24 hr. Total
RNA was hybridized with riboprobes mapping
to the 30 end of PHO84 and specific for
PHO84 sense and antisense RNAs or specific
for the antisense RNA spanning the YML122C
putative ORF.
(D) Model. PHO84 antisense RNA stabilization
is paralleled by Hda1 recruitment, histone
deacetylation, and PHO84 transcriptional re-
pression. In WT cells, Rrp6 rapidly degrades
PHO84 antisense transcripts, allowing efficient
PHO84 gene transcription (top). In the absence
of Rrp6 or in aging cells, in which Rrp6 dissoci-
ates from the gene, PHO84 antisense transcripts are stabilized (bottom). This accumulation correlates with the recruitment of Hda1 to PHO84 and
adjacent loci. However, Hda1-induced histone deacetylation is restricted to regions encoding antisense RNA, resulting in specific PHO84 gene
repression. The following abbreviations are used: acetylated histone H3 (H3-Ac) and nonacetylated histone H3 (H3).lack or lower levels of Rrp6 binding in these regions rather
than to antisense RNA stabilization (Figures 5A and 6D).
Most importantly, H3K18 deacetylation is confined to
the PHO84 gene encoding antisense RNA, suggesting a
role for these transcripts in Hda1 activity (Figure 7). The
targeted deacetylation of PHO84 is consistent with the
silencing of PHO84 and the maintenance of TUB3 and
GTR1 expression in aged cells (Figures 1C and 2A). No-
tably, although antisense RNAs extend from the 30 end to
the promoter region of PHO84, histone deacetylation is
restricted to the promoter and 50 end but excluded from
the 30 end (Figures 7A and 7B). Thus, histone deacetyla-
tion by Hda1 might depend on the conjunction of anti-
sense RNA and specific factors bound to the PHO84
promoter and/or 50 end. Such specific and localized de-
acetylation might be required for the maintenance of an-
tisense transcription and PHO84 gene silencing.
The proposed mechanism might not be restricted to
S. cerevisiae but is likely to be more general and con-714 Cell 131, 706–717, November 16, 2007 ª2007 Elsevier Incserved in S. pombe and higher eukaryotes. Indeed, Clr3,
the homolog of Hda1 in S. pombe, contributes to gene
silencing in an RNAi-independent mechanism (Yamada
et al., 2005). More recent data show that the exosome
component Rrp6 also influences sense transcription by
regulating antisense production at several euchromatic
loci (Nicolas et al., 2007). Although a specific HDAC has
not yet been implicated in this particular context, these re-
cent findings on transcriptional gene silencing in S. pombe
together with our observations in S. cerevisiae suggest the
existence of an alternate RNA-mediated TGS mechanism
independent of RNAi that might be evolutionarily con-
served. Accordingly, mammalian X chromosome inactiva-
tion, which implicates the transcription of noncoding
sense and antisense RNAs, also depends onRrp6 (Ciaudo
et al., 2006; Yang and Kuroda, 2007).
Overall, our data raise new questions: Is the stabilization
of Rrp6 regulated RNAs a general mechanism for the tar-
geting and activation of Hda1 throughout the genome; is.
RNA-induced histone deacetylation mostly required for
transcriptional repression and gene silencing; and finally,
could such a mechanism be implicated in the recruitment
and activation of HDACs other than Hda1? The compari-
son of genome-wide histone H3 acetylation in the pres-
ence or absence of Rrp6 should define the extent of
such a regulatory mechanism.
Regulation of Rrp6 Participates in Gene
Expression Reprogramming
Importantly, the PHO84 repression mechanism we de-
scribe is not only observed in a Drrp6 strain but also
occurs in WT cells and is conserved among the different
S. cerevisiae tested backgrounds (W303, BY4741, and
MCY829). We found that the occupancy of PHO84 by
Rrp6 depends on the aging status of the mother cells be-
cause the amount of Rrp6 bound to PHO84 in the progeny
of old mother cells is significantly lower than that in the
progeny of fresh cells (Figure 5A). Furthermore, this
decrease in the targeting of Rrp6 to PHO84 correlates
with the progressive stabilization of PHO84 antisense
transcripts, suggesting that the association of Rrp6 with
chromatin is regulated under these conditions (Figures
1C and 5A). Notably, although PHO84 antisense RNAs ac-
cumulate in the progeny of aged cells, other Rrp6 targets
are not affected (Figure 5D). One possibility is that aging
primarily impacts the stability of chromatin-associated
Rrp6 targets such as the PHO84 antisense RNAs.
Earlier studies proposed that exosome activity is regu-
lated by carbon source (Bousquet-Antonelli et al., 2000).
It is therefore likely that multiple parameters influence exo-
some function. So far, we have not been able to under-
stand thephysiological relevanceofPHO84gene silencing
in aging yeast cells, nor havewebeenable to connect Rrp6
to factors implicated in aging or to components of signal-
ing cascades that might regulate its activity (Fabrizio et al.,
2004). Nevertheless, the role of Rrp6 in response to the
physiological changes described in this work reveals its
potential importance in yeast adaptation to environmen-
tal variations. Together, these observations raise a novel
gene regulatory alternative through the modulation of
Rrp6 function. We speculate that by the differential stabili-
zation of RNA targets and activation of HDACs on chroma-
tin, the regulation of Rrp6 could be a key event in gene
expression plasticity. The conservation of an analogous
mechanism in mammalian cells might be of fundamental
importance in cell differentiation and the maintenance of
cell-type-specific gene expression programs.
EXPERIMENTAL PROCEDURES
Yeast Strains
Strains used in this study are described in Table S1. The experiments
were performed in W303 but also in BY4147 and MCY289 back-
grounds. Gene deletions were transferred from BY4147 to W303
background by the transformation of polymerase chain reaction
(PCR) fragments generated with primers listed in Table S2. For the
construction of the PHO84+HIS5 strains, PCR fragments produced
by the amplification of the HIS5 gene cassette pUG27 (GueldenerCet al., 2002) and containing sequences homologous to the PHO84
coding region were transformed into HDA1-myc (WT and Drrp6)
strains. Colonies were selected on His-medium, and HIS5 insertion
verified by PCR.
Media and Culture Conditions
Yeast strains were streaked for 3 days on YEPD plates at 25C and
kept at 4C for additional days. Liquid cultures were inoculated with
cells taken from plates and grown at 25C for 24 hr under exponential
conditions (OD600 < 0.8) in YEPD-rich medium or synthetic complete
(SC) minimum medium.
RNA Extraction, Polyadenylated RNA Purification,
and Northern Blotting
Total RNA was extracted with the hot phenol procedure. Total and
poly(A)+ RNA, purified on oligodT Dynabeads, were fractionated on de-
naturing formaldehyde agarose gels and transferred to nylon mem-
branes. Membranes were hybridized overnight at 42C with 32P
random primed labeled probes in 50% formamide, 5x standard saline
citrate (SSC), 20% dextran sulfate, 1% sodium dodecyl sulfate (SDS),
and 100 mg/ml boiled salmon sperm DNA. Hybridization with 32P-
labeled SP6 riboprobes was in 50% formamide, 7% SDS, 0.2 M
NaCl, 80mM sodium phosphate (pH 7.4), and 100 mg/ml boiled salmon
sperm DNA overnight at 62C. All blots were washed with 0.5x SSC
and 0.1% SDS for 1 hr at 62C. Double-stranded probes were ob-
tained by the random primed labeling of PCR fragments. Riboprobes
were obtained by SP6 in vitro transcription of gene-specific PCR frag-
ments containing an SP6 promoter. Primers are described in Table S2.
Small RNAs were fractionated on 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to nylonmembraneswith a semidry
blotting machine. Membraneswere pre- and hybridizedwith 32P 50 end
labeled oligonucleotide probes OSB156 (7S rRNA), OSB157 (5.8S
rRNA), OSB267 (snR72), and OSB138 (U24) in 25 mM KPO4 (pH 7.4),
5x SSC, 5x Denhardt’s, and 50 mg/ml salmon sperm DNA overnight at
37C and washed in 1x SSC and 0.1% SDS for 30 min at 42C as
described (Phillips and Butler, 2003).
Chromatin Immunoprecipitation
Chromatin immunoprecipitations (ChIPs) were performed essentially
as described previously (Zenklusen et al., 2002). Yeast strains were
grown to OD600 = 1 either in YEPD or SC minimum media at 25
C
and crosslinked for 1 hr by the addition of formaldehyde to a final con-
centration of 1.2% (except in Figure 3, where cells were crosslinked
only 10 min.). Crosslinked and sonicated chromatin extracts from
108 cells were immunoprecipitated overnight in the presence of 50 ml
of 50% protein G Sepharose (Amersham Pharmacia) with antibodies
against the C-terminal domain of the RNA Pol II (Abcam 8WG16), the
TATA-binding protein (gift from M. Collart), acetylated histone H3K18
(Abcam 1191), the HA epitope (Covance 16B12) for the Rrp6-HA
tagged strain, and the myc epitope (Covance 9E10) for the Hda1-
myc tagged strain. All immunoprecipitations were repeated at least
twice with different chromatin extracts. Immunoprecipitated DNA
was quantified by real-time PCR with the primer pairs shown in Table
S2 and expressed as the percent of input DNA or n-fold increase over
TELVI-R as indicated. Error bars correspond to standard deviations.
Statistical analyses were done with the Student’s t test (‘‘*’’ indicates
p < 0.05, ‘‘**’’ indicates p < 0.01, ‘‘***’’ indicates p < 0.001, and ‘‘****’’
indicates p > 0.0001; no asterisk indicates not significant).
Protein Extraction and Western Blotting
Total protein extracts were prepared from cultures used for ChIP anal-
ysis prior to crosslinking, fractionated on SDS-PAGE, and examined
by western-blot analysis with antibodies specific for HA (16B12 from
Covance), myc (9E10 from Covance), Nab2 (gift from A. Corbett), or
Mex67 (gift from C. Dargemont).ell 131, 706–717, November 16, 2007 ª2007 Elsevier Inc. 715
Supplemental Data
Supplemental Data include two figures and two tables and can be
found with this article online at http://www.cell.com/cgi/content/full/
131/4/706/DC1/.
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